Traveltime tomographic models of the LA RISTRA transect produce excellent waveform fits if we amplify the damped images. We observe systematic waveform distortions across the western edge of the Great Plains from South American events, starting about 300 km east of the centre of the Rio Grande Rift. The amplitude decreases by more than 50 per cent within array stations spanning less than 200 km while the pulse width increases by more than a factor of 2. This feature is not observed for the data arriving from the northwest. While the S-wave tomographic image shows a fast slab-like feature dipping to the southeast beneath the western edge of the Great Plains, synthetics generated from this model do not reproduce the waveform characteristics. However, once we modify the tomographic image by amplifying the velocity contrast between the slab and adjoining mantle by a factor of 2-3, the synthetics produce observed amplitude decay and pulse broadening. In addition to the traveltime delay, amplitude variation due to wave phenomena such as slab diffraction, focusing and defocusing provide much tighter constraints on the geometry of the fast anomaly and its amplitude and sharpness as demonstrated by a forward sensitivity test and snapshots of the seismic wavefield. Our preferred model locates the slab 200 km east of the Rio Grande Rift dipping 70
I N T RO D U C T I O N
Traveltime tomography has been one of the main tools in studying regional Earth structure. Standard practice for geodynamists is to convert these velocity anomalies into temperature and density and fit geophysical observables such as topography and gravity. Numerical studies have clearly shown significant variations in seismic velocity (Slack et al. 1994 (Slack et al. , 1996 Myers et al. 1998; Roth et al. 1999; Achauer & Masson 2002; Davis & Slack 2002; Gao et al. 2003; Tiberi et al. 2003) , which has been used to map the temperature and composition in the mantle (Goes et al. 2000; Cammarano et al. 2003; Godey et al. 2004) , infer the degree of partial melt (Hammond & Humpreys 2000; Takei 2000) , and generate dynamic flow models driven by buoyancy variations mapped from seismic velocity anomalies (Forte & Perry 2000; Perry et al. 2003) . However, tomographic models produced by smooth, damped inversions usually underestimate the amplitude and sharpness of the velocity structure and likely bias geophysical and geodynamic inferences. It is important to validate these tomographic models and propagate seismic waves through them and compare synthetic waveforms directly with observations. It enables us to amplify and sharpen these models and give a better estimate on the geometry and magnitude of seismic structures. Body waveform modelling has shown great success in understanding deep mantle structures (Wang & Wen 2004; Ni et al. 2005; Song et al. 2005) . However, it has seldom been used to test against regional tomography models and study lithospheric structure.
It is generally assumed that teleseismic body waves are simple enough to apply cross-correlation techniques in measuring traveltime anomalies. However, as we will show, these waves often display complexities and provide more information about local Earth structure near the recording site. We demonstrate how to examine the lithospheric structure beneath the eastern portion of the Rio Grande Rift in the southwestern US, one of the major continental rift zones in the world (Baldridge et al. 1991) . To understand its origin and evolution, a recent PASSCAL experiment, LA RISTRA Transect, was operated in 1999-2001 to investigate seismic structures across 
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Great Plains R io G r a n d e R if t Carlsbad Pecos J e m e z l i n e a m e n t J e m e z l i n e a m e n t Carrizozo Figure 1 . Geological settings at LA RISTRA Transect, southwestern United States (from Gao et al. 2004) . The array (red stars) cuts across the Great Plains, the Rio Grande Rift and the Colorado Plateau and is aligned with great-circle paths from South American earthquakes.
the stable Great Plains, the Rio Grande Rift and the Colorado Plateau (Wilson et al. 2002, Fig. 1 ). Using such a dense linear array, nearly 950 km long with 18 km spacing, enables the imaging of the lithospheric structure in great detail with body wave tomography (Gao et al. 2004) , surface wave tomography (West et al. 2004a,b) and receiver function analysis (Wilson et al. 2005a,b) . Gao et al. (2004) imaged a linear, southeast dipping slab-like fast anomaly under the western edge of the Great Plains, which is adjacent to the slow Rio Grande Rift (Fig. 2) . Gao et al. (2004) interpreted it as a down-welling lithosphere produced by small scale convection. The velocity contrast between fast and slow regions reaches up to about 7 per cent in the upper 100 km but decreases at depth. West et al. (2004a) performed a surface wave inversion and found complementary results although the slab-like feature is less obvious in their model (Fig. 2) . They also argued that there is a fast anomaly beneath the Great Plains extending at least to depths of 250 km, which is confirmed in a later study by joint inversion of body and surface waves (West et al. 2004b) . These studies have performed standard resolution tests (checkerboard) to demonstrate the robustness of their results, but stop short of a true test by generating the wavefield.
While it is often considered that high attenuation is related to low velocity regions, which lowers amplitudes and increases pulse width, this data set suggests that it is not the main controlling factor. We observe systematic amplitude decays across stations located directly above the fast anomaly (e.g. NM07) and those above the transition region (e.g. NM15), whereas waveforms recorded at stations near the centre of the Rio Grande Rift (e.g. NM29) do not show obvious pulse broadenings and amplitude decays (Song 2006 ). It appears that wave propagational effects are playing a dominant role in producing waveform distortions and amplitude decays.
In this paper, we examine tangential SH broad-band waveform since S-wave anomalies typically are much stronger than P-wave anomalies. To demonstrate the usefulness of including waveform and amplitude information in improving seismic images, we focus first on the transition region from the Great Plains to the rift zone where we expect the largest velocity contrast to occur and waveforms to be heavily distorted. In particular, as we will show later, these waveforms are systematically distorted, broadened and their amplitude decreases accordingly. Instead of cross-correlation, we choose to pick arrival times, measure waveform amplitudes and use them as observables to compare with synthetic. We choose NM07 as the reference station because its waveform always appears narrower and simpler than those recorded at other stations toward the NW. Besides, its amplitude is often the largest in comparison to that recorded at stations to the SE. We then use the S waveform recorded at the reference station as the source wavelet to remove complexities generated from the earthquake source and near-source structure. We find it not critical to our analysis since we are primarily interested in modelling the pattern of changes in traveltime delays and amplitude decays. We then implement tomographic models into the 2-D finite difference calculations and compare synthetics against the observed waveforms. However, we find the synthetics too simple in waveform shape and inconsistent with the data. Simply amplifying velocity anomalies produced by traveltime tomography, we achieve a much better fit to the observed waveform complexities. We also perform a suite of synthetic tests on simplified models to demonstrate the usefulness of broad-band waveform and amplitude information in deciphering the location, geometry, and depth extent of dipping structures. We will further analyse P waveforms in a separate paper (Song & Helmberger 2007 ) and the joint results will provide important constraints on the physical state and composition Gao et al. (2004) and surface waves (lower panel) (West et al. 2004a) . A fast slab-like anomaly dipping to the southeast is imaged beneath the edge of western Great Plains by the body waves, which is not evident in the surface wave results. These models are plotted against the reference TNA model (Grand & Helmberger 1984) .
of this interesting slab-like feature. Although other features shown in the tomographic image appear interesting as well, we will leave for future analysis.
WAV E F O R M D ATA
We first introduce broad-band waveform data from deep events beneath South America recorded by the array. It was configured to take advantage of the 2-D geometry with respect to South America events (Table 1 ). All the sections span about 2
• from the Great Plains into the Rio Grande Rift. More precisely, stations NM07-NM18 are located directly above the slab-like feature shown in Fig. 2 , although we do not know the true 3-D structure. We rotate the horizontal components to obtain the radial component along the great-circle path and corresponding tangential component.
We first present P and SH waveforms from event 990915 to the SE (Fig. 3) . The bandpass filter used here and Figs 3 and 4 are chosen differently to present waveforms in consistency and accommodate differences in data qualities. As shown in Fig. 3 , the amplitude of S waves decreases very rapidly in this range with a reduction over 50 per cent. The waveforms also become broader with less high frequency content. However, such a systematic behaviour is not seen in the record section from event 990918 arriving from Kamchatka to the NW (Fig. 3) . We check possible shallow receiver complexities as the causes by examining the vertical and radial components of the P wave. However, the similarity of P waves in both vertical and radial components do not support such an argument, while the tangential component is nearly zero, indicating wave field separation into (P-SV, SH) motions (Song 2006) . The observed waveform distortion and amplitude variations are consistent regardless of the location and the depth of several events to the SE suggesting receiver-side structure effects (Fig. 4) . In addition, other phases such as sS waves and ScS waves also show similar patterns (Fig. 4) .
In order to remove the complexities introduced by individual earthquake sources, we deconvolve the source wavelet from the raw seismogram to generate an uniform data set. Since the great-circle paths to these stations differ by less than 2
• , the directivity effect on the source-time function in this narrow range is probably very similar. Because we observe systematic waveforms broadening for all events we have analysed, we decided not to use the stacked S waveform as the source wavelet. As discussed earlier, we adopt the simplest and narrowest S waveform recorded at station NM07 as the source wavelet for deconvolution processes. We apply a regularized filtered algorithm to stabilize the deconvolution (Jain 1989 ) and the deconvolved waveform typically has a dominant period of 6-8 s. All the deconvolved record sections from four events to the SE display consistent results where the peak amplitude of the S wave decreases from station NM07 to NM18 by a factor of 2-3 and the pulse width is broadened by a factor of 2-3, independent of the source depth and epicentral distance (Fig. 5) .
The consistency of these data sets strongly suggests that receiverside structure plays a predominant role in producing such systematic waveform distortions and amplitude decays. We will attempt to model these features with a 2-D finite-difference code (Vidale et al. 1985; Helmberger & Vidale 1988; Vidale 1988) . Although The amplitude decreases by more than half from station NM07 to station NM18, while the pulse width increases by more than a factor of 2. The dominant period of these deconvolved waveforms is about 6-8 s.
only four events are analysed in this paper, we will show indeed that our preferred model can give promised fits to these data sets at multiple frequency bands and predict satisfactory results against data sections from events of different distances and depths.
F I N I T E D I F F E R E N C E M O D E L L I N G
The finite difference code has been used to investigate the uppermantle triplication (Song 2006) and core mantle boundary structure (Song et al. 2005) and it has been successfully bench-marked against semi-analytic codes such as 1-D reflectivity (Song 2006) and 2-D WKM (Song et al. 2005) . In the following simulations, we adopt a grid spacing of 1.6 km and a time step of 0.077 s to ensure convergence and accuracy at periods of 3.0 s and longer. We set the grid boundaries far enough away from the source and receivers to avoid the interference of reflections with the S wave of interest. A Butterworth filter with corners at 0.01 and 0.2 Hz is applied to both the data and synthetics. To examine the effect of long wavelength mantle structure on the waveform broadening and amplitude decay, we have computed synthetics based upon the global tomographic model by Grand (2002) . We find that the long wavelength mantle structure does not produce any notable amplitude decay in the record sections of all four events we currently studied (Song 2006) . However, if sharp features are present in the source region that are not in Grand's model, we would expect to see differences in the data associated with sampling in the four observed sections. Since the amplitude pattern is stable, we suppose that it is caused pre-dominantly by the receiver structure.
To examine the effect of receiver-side structure on broad-band waveforms, we propagate the waves through the 1-D TNA model (Grand & Helmberger 1984) from the source to the receiver with the 2-D regional tomographic models (Gao et al. 2004; West et al. 2004a ) embedded locally beneath the stations. We generate synthetic waveforms and present traveltime delays and amplitude ratios relative to reference station NM07. The data and synthetics are both filtered at frequency band of 0.01-0.2 Hz. Since these waveforms are not similar and very different in pulse width, we choose not to cross-correlate them but pick the timing of the first swing in filtered waveforms to measure traveltime delays, which is similar to Gao et al. (2004) 's approach. The amplitude is then computed by taking the envelope of the S wave and measuring its peak. We first examine the data of event 990915 at the range of 63
• -65
• and synthetics computed from 2-D tomography models by Gao et al. (2004) . The synthetics are very simple and their amplitude does not decay with distance as much as the data (Fig. 6 ). In addition, the predicted traveltime anomalies vary smoothly across the range (Fig. 6) .
Considering the smoothing and damping made in most inversion procedures, we then simply amplify the magnitude of the velocity anomalies and recompute the synthetics. As introduced earlier, we focus on the waveform phenomena within a relatively small region where velocity varies rapidly. This simple procedure is useful in amplifying velocity anomalies in these transition regions from fast to slow. However, such a process could deteriorate the fit to traveltime delays outside the transition region of interest. To quantify the quality of fit, we compute misfits of traveltime delays and amplitude decay between data and synthetics, respectively. The misfit is defined as the L2 norm of the differences in traveltime and amplitude between data and synthetics. Overall, the result is satisfying in that the synthetics start revealing similar waveform distortion and amplitude decay as displayed in the data (Fig. 6 ). Our preferred model A is constructed by amplifying the fast anomalies by two times and slow anomalies by four times such that it can explain traveltime delays and amplitude decays simultaneously (Table 2) .
It is well known that teleseismic body wave traveltime tomography has better resolution laterally than vertically. We have further tested possible vertical smearing of the tomography model. In this case, we only implement the top 250 km of the velocity model into the FD calculation. This exercise shows that, with an unrealistic amplification factor of 8, we then are able to explain the observations (Song 2006) . However, such a model with 50 per cent velocity contrast is physically unlikely. In addition, this approach of amplifying anomalies did not work so well with the surface wave tomography model (West et al. 2004a) . Even if we amplify the velocity perturbation in the mantle, the synthetics do not show similar waveform distortion and the amplitude decay is unsatisfactory (Song 2006) . Furthermore, we were not able to fit the traveltime and amplitude simultaneously. As we expected, the surface wave derived tomography models do not capture the small-scale variation in the upper mantle and probably too smooth, especially in cases where structures exhibit rapid lateral variations. More importantly, the fast dipping anomaly is essential in producing these observations. Before evaluating our preferred model against record sections of other events, we also compute traveltime delays in the frequency range of 0.03-0.1 Hz, which was the frequency range used by Gao et al. (2004) to construct tomographic images. We find that their model indeed explained traveltime delays a lot better at longer period (Fig. 7, Table 3 ). However, our preferred model A can fit the data slightly better at longer period but also explain data at shorter period (Fig. 7, Table 3 ) very well. When we convolved the source wavelet with synthetics of our preferred model A, the data and synthetics were compatible in amplitude variation, traveltime delay, and waveform distortion (Song 2006 ).
To further demonstrate the consistency of our model A, we generate synthetics for other three events at the distances of 60.5
• -62.5
• (event 991130), 65.8
• -67.8
• (event 000512) and 71.5
• -73.5
• (event 000423), using the same procedure to predict traveltime delays and amplitude decays. We obtain similar results with amplification factors of 2-3 while the traveltime delays and amplitude variations are reasonably well reproduced by model A (Figs 8 and 9 , see also Table 2 ). These results confirm the local nature of the anomalous structure. Other tested models are not favoured because of the inability to explain the traveltime and amplitude simultaneously. For instance, model Gao × 3 explains the amplitude decays of event 000423 well. However, it produces a large misfit in traveltime delays (Table 2 ). Model Gao × 2 explained the traveltime delays well for event 991130, but it produces a large misfit in explaining amplitude data.
As pointed out by Vidale (1987) and Cormier (1989) , source-side slab diffraction/multipathing causes waveform distortion recorded teleseismically, such as S and ScS, and also causes focusing and defocusing at teleseismic distances (Vidale 1987; Cormier 1989; Weber 1990; Sekiguchi 1992; Perrot et al. 1994; Zhou & Chen 1995) . Such waveform effects and amplitude perturbation due to the high-velocity slab have often been used to constrain the geometry and depth of the slab near the source side. However, in this study, we focus on the slab structure near the receiver side probed by incoming teleseismic waves (Bostock et al. 1993) . The multipathing from the SE side of slab (slow-to-fast boundary) magnifies the amplitude of the waveform (Fig. 10) . Such an amplification is analogous to the upper-mantle triplication where two branches crossover, except the velocity jump is not horizontal but nearly vertical (Song & Helmberger 2006 ). In addition, this dipping feature produces a distorted wavefield which can be easily seen in the snapshots of wave propagation along the slab structure (Fig. 11) , where the wavefront is more advanced inside the high velocity slab and finally splits apart. It also creates long period energy between the two arrivals evident in the data (Figs 10 and 11 ). In short, it is clear that receiver-side slab-like structure indeed plays a dominant role in producing observed waveform complexities and amplitude changes across the western Great Plains and the Rio Grande Rift. We show that he slab-like velocity anomaly probably exists as displayed in the tomographic model. However, based on our modelling, the average velocity contrast between the fast slablike feature and the adjoining mantle is about 4 per cent down to nearly 600 km.
I D E A L I Z E D M O D E L S E N S I T I V I T Y: S L A B T H I C K N E S S A N D G E O M E T RY
We have demonstrated above that the combination of traveltime delays and amplitude patterns provide strong constraints on Time -∆/10 (sec) Figure 8 . Finite difference synthetics computed using amplified tomographic image model A for other three events from South America. All synthetic record sections show comparable waveform distortions observed in the data (Fig. 5 ). . Traveltime delays and amplitude ratio computed for the three events displayed in Fig. 8 . In general, model A predicted nice results against these data sets at different ranges (see also Table 2 ). upper-mantle structure. However, it is difficult to investigate uniqueness given the complexity of model A. To appreciate the essential features of this model, we conduct a sensitivity experiment where Gao's model is idealized to a few parameters (Fig. 12) . We perform tests with various combinations of parameters as given in Table 4 , which includes possible trade-offs between the depth of the slab and its velocity perturbation. We find that the amplitude is the smallest near the far-side the slab (NW) and the largest near the near-side of the slab (SE), but within the slab (Fig. 13) . While the largest amplitude is sensitive to the width and dip of the slab, the amplitude decay rate with distance primarily depends on the thickness of the slab, where the wider the slab, the lower the decay rate. If we fix the dip and the width of the slab but change its depth extent, we find that the amplitude starts to increase again after passing the far side of the slab (Fig. 13 ) and begins to form another amplitude plateau. This amplitude plateau and the amplitude maximum at near-side of the slab (SE) produce an amplitude shadow zone whose width is very sensitive to the depth of the slab (Fig. 13) . The deeper the slab, the wider the amplitude shadow zone. In other words, a deeper slab is more effective in defocusing the energy over a wider range than a shallower one. We can draw analogy from passing a wave through a distant, fast anomaly where wavefront distortion is over a much wider range (figs 9 and 10 in Hung et al. 2001) . We find this feature particularly useful in eliminating the trade-offs between slab depth and its velocity anomaly. We also test an extreme case with no slab but a fast-to-slow transition in the top 200 km. In this case, we consider possible vertical smearing in the tomographic image that produces an artificial slablike feature. We still observe the amplitude decay associated with the diffraction along the boundary, but there is no amplification as seen close to the near-side (SE) (Fig. 13) . In addition, the amplitude focusing and defocusing vary rapidly at a much shorter scale. If we add a low velocity zone in the top 200 km near the far-side of the slab to simulate the slow rift zone imaged by the tomography, it only modifies the amplitude pattern beyond the far-side of the slab. Finally, we examine the degree of amplitude decay due to the slab diffraction, which clearly depends on how strong the velocity anomaly is. In general, a strong velocity anomaly produces severe diffraction, defocusing and amplitude changes (Fig. 13) , although it also depends on the incident angle of teleseismic waves and the dipping angle of the slab. However, such trade-offs can be reconciled if the traveltime anomaly is simultaneously analysed. In summary, the amplitude variation provides fairly good constraints on the location, geometry, depth extent of the slab-like anomaly and its amplitude. It provides complementary information beyond the traveltime data in resolving deep structure.
Based on these sensitivity tests, we produce a simplified model for the slab near the Rio Grande Rift to explain the data (e.g. event . Slab diffraction and forward modelling setup. The waveform is narrow and amplified after crossing the eastern side of the slab. Just beyond the western side of the slab where fast-to-slow transition occurs, the waveform is much broadened and the amplitude is decreased due to waveform multipathing. Toward the west, the multipathing is less obvious and the waveform will start to become a simple pulse again. The slab is defined as a dipping layer X per cent fast than the surroundings. The dipping of the slab is defined by the depth h and the horizontal shift X , while the width of the slab is H. The western tip of the slab is defined at the point Y on the surface. A −3 per cent low velocity layer, 150 km thick is added adjacent to the slab in certain cases (see Table 4 ). 991130). This model is built to mimic the tomographic image and fit the data through a systematic search of model parameters (Table 5) . As a result, we are able to generate models which can reproduce the amplitude decay and traveltime anomaly (Fig. 14) . We can fit the amplitude decay with a 120 km wide, 6 per cent fast slab dipping 80
• to the southeast and reaching 575 km depth (Model SD-1), but it fails to explain the traveltime anomalies (Fig. 14, Table 6 ). Model SD-2 consists of a 3.75 per cent fast slab dipping 70
• to the southeast. This model is able to fit the amplitude and traveltime anomaly simultaneously. We find that model SD-4 can also fit the amplitude decay well with a 4.5 per cent fast slab dipping 75
• to the SE, although it slightly deteriorated the fit to traveltime delays (Table 6 ). Model SD-3 consists of 4.5 per cent fast slab reaching 380 km depth. It explains the traveltime delays reasonably well, but the amplitude increases much faster than the data behaved near the far-side of the slab, whereas the width of the amplitude shadow zone is too narrow (Fig. 14) , which suggests that the slab is likely too shallow. As illustrated in previous sensitivity tests and model SD-3, the depth extent of the slab-like anomaly has to be deeper than 480 km to fit the width of amplitude shadow zone. Using both traveltime and amplitudes, we can mostly eliminate trade-offs between the geometry of the slab-like anomaly and its amplitude.
Modelling slab diffraction and defocusing pattern also provide tight control on the NW boundary of the slab. In short, the slablike anomaly imaged by Gao et al. (2004) is amplified to explain waveform multipathing and diffraction. Our preferred model has a 3.8-4.5 per cent fast slab of 120 km thickness dipping at an angle of 70
• -75
• and reaching the depth near 570 km (Fig. 14) . Also, the slab feature is shifted eastward from the centre of the Rio Grande Rift zone by 200 km.
D I S C U S S I O N S
In this section, we would like to first briefly discuss some issues regarding to the cross-correlation technique and how the amplified model does to other type of data, such as surface waves. As shown in previous section, there is little variation in traveltime from station NM07-NM15 while large delays occur beyond NM15. If we apply cross-correlation technique for these broadened waveforms, it would produce more delays for stations to the NW because the pulse broadening would shift the measure. We would expect a smooth timing change across these stations rather than an abrupt one, whereas the model constructed from these measures is potentially smooth. However, the details should be explored systematically in the context of ray-based traveltime tomography and finite-frequency tomography independently.
Although the amplified model explains the waveforms and amplitude better than the original model, we expect the new model would not effect surface waves very much because they travel horizontally crossing both fast and slow anomalies while the wavelength for surface waves is much longer than that of body waves. West et al. (2004b) have demonstrated that lateral variations mapped by body waves can be easily accommodated in surface waves tomography.
It is not surprised that a damped, smooth inversion would underestimate the true anomalies. However, the large amplification factor of slow anomalies (four times) used in our preferred model A is likely due to the fact that body waves are more sensitive to the fast anomalies and it is more difficult to see the slow anomalies. In particular, finite-frequency effect and wavefront healing (Hung et al. 2001 ) might be important in explaining the underestimated velocity anomalies in the original traveltime tomography (Gao et al. 2004) . Note a fast traveltime shift measured by a cross-correlation technique is healed slightly slower than a slow traveltime shift when the location of a velocity anomaly is close to the receiver. More importantly, because Gao et al. (2004) effectively picked the traveltime shift using the onset of a filtered body wave, it suggests a much less healing for a fast traveltime shift (Wielandt 1987) and explains the smaller amplification factor of fast anomalies (two times) used in our preferred model A.
As we have presented in this report, the broad-band waveform and amplitude variations recorded by the LA RISTRA transect provide invaluable constraints on the magnitude and geometry of the velocity structure in the mantle across the western Great Plains and the Rio Grande Rift. The slab-like fast anomaly presented by Gao et al. (2004) is validated and amplified according to our modelling result. As shown previously, we directly amplify the tomographic image and test it against waveform and amplitude data. Although this procedure is rather simple and it can certainly involve more delicate processes, we primarily target on how the traveltime tomographic images can be improved and validated through forward modelling waveforms and amplitudes.
If our model is correct, such a slab-like feature deserves more attention because it extends to nearly 600 km and is located right beneath the edge between the Rio Grande Rift and the western Great Plains where large variations in lithospheric thickness occur (Gao et al. 2004; West et al. 2004a,b) and small-scale convection might be important (King & Anderson 1998) . However, there exists large difference between the original and amplified model in geophysical and dynamic inferences such as temperature, composition and buoyancy. We will discuss here in the context of the simplified model. Our model shows that the slab-like feature is about 4 per cent faster than the mantle beneath the Rio Grande Rift. Since we have to amplify the tomography model by a factor of 2-3 to fit the waveform and amplitudes, we assume that the slab-like anomaly imaged by the tomography is 2 per cent faster than the mantle beneath the Rio Grande Rift. Assuming temperature derivative ∂ln Vs/∂T of −1 per cent/100
• C (Karato 1993) , our model would predict temperature contrast across this anomaly of about 400
• C, whereas the tomographic model would suggest temperature contrast of 200 K only. If we assume thermal expansion coefficient α of 3 × 10 −5 C −1 (Fei 1995) , we predict density change ρ/ρ of 1.2 per cent, whereas the original model would suggest ρ/ρ of 0.6 per cent. These differences certainly effect dynamic flow modelling where the mantle flow is driven by buoyancy.
In addition, the P-wave anomalies are much smaller than the S-wave anomalies in the original tomography model and the slablike anomaly is almost invisible in the P-wave image ( fig. 7 in Gao et al. 2004) , which would suggest that temperature effect is probably dominant. However, the P-wave record section presented earlier also shows obvious waveform distortions and amplitude decays as seen in the S-wave section (Fig. 3) . It is likely that compositional effects are also important in interpreting the slab-like anomaly. Although S-wave anomaly is very useful in inferring the temperature contrast (Karato 1993; Goes et al. 2000; Cammarano et al. 2003) , however, it is difficult to infer the composition without other data such as P-wave anomalies (Niu et al. 2004; Song & Helmberger 2007) or gravity data (Forte & Perry 2000; Perry et al. 2003) . If the slab-like anomaly was part of the continental lithosphere beneath the Great Plains, it would have probably been depleted (Jordan 1988; Lee 2003) . In this case, the net buoyancy of this slab-like feature has to be reevalu- Lenardic et al. 2003 ). We will not discuss this issue further without analysing P-wave data while the main issue here is to demonstrate the usefulness of using waveforms and amplitude information in validating tomographic models. In this study, we have found that the use of waveform diffraction and amplitude pattern increases the velocity contrast across the Rio Grande Rift and the western Great Plains, which has both geodynamic and geochemical implications. It is not surprised that waveform and amplitude data can provide an independent constraint on the velocity gradient (Nowack & Lutter 1988; Bostock & VanDecar 1994) and they are very complementary to traveltime data that are sensitive to the bulk velocity perturbation. Neele et al. (1993) have suggested that amplitude data would serve as a great validation tool for traveltime tomography and it is successfully demonstrated in our analysis. As a ray-based tomography evolves to a more advanced finite-frequency tomography (Dahlen et al. 2000) , its resolving power and model improvement relative to a ray-based tomography Van der Hilst & de Hoop 2006) certainly can be justified and validated using amplitude and waveform data through forward modelling. Finally, resolving the shallow mantle structure can greatly improve the resolution of deep mantle structure and avoid mistakeningly mapping shallow heterogeneities into complex deep features (Weber 1994 ).
C O N C L U S I O N S
In summary, we have presented a systematic analysis of the use of waveform and amplitude information in exploring the slablike structure beneath the eastern edge of the Rio Grande Rift in the southwestern United States. Broad-band waveform from South American events recorded by the LA RISTRA transect clearly show systematic amplitude decays across the slab-like feature imaged Gao et al. (2004) and explains the observed traveltime delays and amplitude ratios for event 991130 (See also Table 5 ). Bottom panels show FD synthetic traveltime delays and amplitude ratios for model SD-1, SD-2, SD-3 and SD-4. Model SD-1 explains the observed amplitude ratios reasonably well but the predicted traveltime is systematic too early. Model SD-3 explains the observed traveltime delay but fails to predict the amplitude ratios correctly. Model SD-2 and SD-3 are able to explain the observed amplitude ratios as well as traveltime delays.
by the traveltime tomography (Gao et al. 2004 ). These waveforms demonstrate clear multipathing phenomena supported by finite difference simulations where incoming teleseismic wavefronts are distorted by the slab feature beneath the receivers. In general, the slablike anomaly has to be amplified about two to three times to explain the waveform distortion at stations near the transition from the western Great Plains and the Rio Grande Rift. We performed sensitivity tests and found that the amplitude information can be utilized with the traveltime delays to better determine the slab geometry. Our preferred model has a fast slab (3.8-4.5 per cent) with thickness of 120 km dipping 70
• to the southeast to nearly 600 km and is consistent with both traveltime and amplitude observations. We believe that amplitude systematics and waveform distortions can provide additional and tighter constraints on the geometry and magnitude of seismic anomalies, which would improve inferences on their origins.
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